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ABSTRACT

Predictions and measurements of microwave breakdown in air are

compared for a conical reentry vehicle model with an overall length of approxi-

mately one wavelength. The vehicle is excited by means of a circumferential

gap to forn an asymmetric dipole with roll-symmeCric radiation. Measure-

ments performed in an evacuable chamber show brea-down occurring at either

the nose tip or the feed gap, or simultaneously in both regions, depending upon

the gas pressure. The electric fields are computed as functions of distance

radially from the nose tip and normally from the feed gap by the use of moment

methods. The breakdown calculation is based on a variational technique that

can accommodate cw or pulsed breakdown and can handle nonuniformities in

both gas properties and electric fields. Breakdown behavior is calculated at

the nose tip and at the feed gap. Theory and experiment are shown to agree

within the estimated accuracy of the experiment.
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I. INTRODUCTION

An important consideration ir: the design of microwave cc,.nrunicatia-_s

systems for reentry vehicales is the prediction of the radiated power i-cv#s az

wBich the high -temperature gas burrounditsg the vehicle undergoes electrical

breakdown. Several ingredients are necessary to make such a predkEtix;

first, details of the flow-field mass density, species concentrations, and

temperatures as functions us altitude rpust be avaible; ieco00, the peak

value of the spatial distribution of the electric field generated by the pa-ticu-

!ar antenna considered must be known; and third, an analysis mt st be avail-

able for predicting voUage breakdown in the prezence of electric-iield and

gas -property nonuniforinities.

Our concern here is not with flow -fitld determination. We will

coneentrate on the determination of the electkic field in a realistic geon-elt

and will discuss the breakdoan analysis for cold air. Speciically, we wil

_ttudy a sharp-no-sed conical reentry vehicle with a symmtrie-cI circuraferen-

tial gaF an'tenna that is excited at a frequency such that the vehicle levgth is

approximately one wavelength long. Thi mcdel is typical for small reentry

vehicles operating in the VHF regime.

For *bis _rarticular model. breakdown c .n occur both in VZe r.ost:-ttp

region and in th:e vicinity of the teed gap. The electric field is, therefore,

computed as a function of ;-etasne- radially from che nxae tip and as a function

of disance n-r nmally from the feed gan. This calculation is accornplished firtt

by the xse of moment methods to obtain the eurrent distribution on the i-ehic!.

-



surface and then by the numerical integration of this current to obtain the

electric field at any specified point in space. The current distribution cal-

culation is closely related to previous work by Mautz and Harrington [I] and

some earlier work by Andreasen [].

Recently, several analyses [3) -[5] have become available for predicting

microwave breakdown in the presence of nonuniformities. Epstein gave a

variational technique that accommodates cw [5] or pulsed [6] breakdown and

gas nonuniformities as well as electric-field nonuniformities. We will use

this analysis with some modifications for the calculations.

Since all previous antenna breakdown calculations that account for non-

uniformities have been confined to the case of a slot on an infinite ground-

plane geometry M7J, out major contribution in this paper is demonstrating

that breakdown on a geometry that must be considered finite by virtue of its

size roative to wavelength can also be predicted by existing techniques and

models.

:N-a



.II DESCRIPTION OF EXPERIMENTAL MODEL

The conical vehicle for which breakdown measurements were taken is

shown in Fig. 1. The vehicle is split electrically to form an asymmetrical

dipole with roll-symmetric excitation. The antenna is fed through a 50-ohm

coaxial transmission line with a center conductor designed to provide a reflec-

tionless transition to the radial transmission. The radial transmission line

in turn excites the aperture.

The model was fabricated to the dimensions shown +0. 001 in. The

dimensions expressed in terms of wavelengths are consistent with an operating

frequency of 1590 MHz. The assembly was scaled at one atmospheric pres-

sure by machining tight-fitting dielectric in the feed line and at the aperture

and by wetting the dielectric wit. silicone vacuum grease. After the antenna

was fully asserribled, a fine machine cut was taken along the cone to ensure

that the dielectric window was flush with the aluminum body.

-3-
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III. NEAR-FIELD CALCULATIONS

The theoretical model is a figure of revolution with a generating curve

that is a continuous function consisting of a circular arc representing the nose

tip and two straight lines representing the sides and base of the cone (Fig. 2).

The slight differences between this simplified geometry and the actual model

are not important. The generating curve can be represented by a single

variable t, and if a voltage V is applied across the feed gap, the tangential

electric field on the surface of this vehicle can be assumed to be

E t = at T (at t 1 5t_< t)

~(1)

Et = 0 (elsewhere)

where d is the gap width and T is a unit vector tangent to the generating

curve. The boundary condition that uniquely defines the exterior field con-

figuration is represented by Eq. (1).

Complete details of the electric -field calculation are included elsewhere,

therefore, this discussion will be brief. The problem was originally

considered by Mautz and Harrington [1], who used moment methods to obtain

the current distribution on the surface of the vehicle. The important differ-

ences between the present calculation and that of Mautz and Harrington will

be brought out later in the discussion.

Essentially, moment methods include reducing an integral equation

involving the unknown surface current (per imit width) 3 to a set of lWnear

algebraic equations of the form

K. M. SooHoo, "The Near and Far Fields of a Symmetrically Exciied Finite
Cone, "1 to be published.
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fzjfrJ =FrI' (2)

which may then be solved for jild by standard matrix-inversion techniques.

The column matrix [I] is directly related to the given excitation or, in this
t..7

case, Eq. (1). The symmetric matrix Iziij is a generalized impedance

matrix with its elements dependent only on the geometrical configuration.

Details of the calculation of Z.jand [V are given elsewhere.

The relationship between T and the elements of the colunv matrix [Ij!

is the finite sum

t(3)

where 3* are expansicn ftmc.tiona that must be suitably chosen such that the3

elements of IN are relatively easy to compute, while, at the same time,

Eq. (3) has reasonably, good convergence.

The triangular expansion function suggested by Mautz and Harrington

gives a piecewise-linear approximation to the current distribution. Here,

triangular functions are also used; however, the exact form is different for

the following reasons: First, the triangles are allowed to span unequal

intervals so that a very accurate calculation of t-he current can be made on

certain portions of the vehicle (e.g., where the near fields are oi interest)

without having to force the number of elementa in [Z to become excessively

large. Second, Mdutz and Harringtonlns expansion functions were actually the

triangular function divided by the radial variable in cylindrical coordinates p.

*K. M. SooHoo, "The Near and Far Fields of a Syrnretrically Excited Finite
Cone, " to be published.
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This simplifies the calculations. However, it can be shown by the use of the

continnity equation that p must be removed or the surface ch.rge density be -

comes infinite whenever p goes to zero (eg., the nose tip). Thi.-. in order to

ensure that the correct normal electric field is computed at the nose tip, the

expansion functions are chosen to be equal to the triangular function.

Calculations were made on a CDC 6600 computer. The total current

Zrp(a -t), as a function of distance along the generating curve, is shown

in Fig. 3. The excitation for this case was 1 volt appiied across a 0. 1-in.

gap. Sixty piecewise-linear intervals were used in this calculation.

Since the applied voltage is 1 volt, the computed current at the gap is

also the input admittance. Thus, it can be seen that Yin = 0. 009 + j. 024

mhos. Furthermore, since the total power radiated is the applied voltage

squared times the input conductance, for an applied voltage of I volt, the

total power radiated is 0. 009 watts This relztionship is an important tactor

in computing thl breakdown power curves.

The total power radiated (0. 009 watts) was also obtained by inte-

grating the Poynting vector over a far-field sphere. A measured directivity

pattern, compared to the calculated pattern in which the current distribution of

Fig, 3 is used, is shown in Fig. 4. The 2symmetries in the measured pattern

are an indication of its inaccuracies. Agreement, generally, is quite good.

Details of the near-field calculation are also given e) sewhere. * The required

integrations are performed in essentially the same manne- as was iavolved in

computing the elements of the generalized impedance matrix rZiJ As men-

tioned earlier, the acczaracy of this calcuiation is not critically tied to computer

K. M. SooHoo, "The Near and Far Fields of a Symmetrically Excited Finite
Cone," to be published.
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time or computer storage, because it is only necessary to obtain a very

accurate description of the current in the vicinity of the point at which the

electric field is to be computed.

Figures 5 and 6 contain the required input data for the breakdown cal-

cuktions described in the next section. 'igure 5 shows the electric field as

a fimction of dir'once from b-"th the tip and feed gap, where the gap width is

0. 1 in. and the frequency is 1500 MHz. Tip and gap field distributions, for

a gap width of 0.2 in. at 1560 MF~z are shown in Fig. 6.

The current distributions for the gap field calculations were approxi-

mated by 76 . -cewise4inear intervals. where the 24 intervals in the vicinity

of 8he gap were only, one-third the size ,f 'he remaining 52 intervals. The

current distributi~cs !or the tip field calculation" were approximated by 81

piecewise-lnear intervals, where the first eight intervals at the nose tip

were one-fourth the size of the next 16, which, in turn, were o-.e-sixth the

size cf the remaining 57 intervaLs. The near fields comtr-d in t is manner

are estimated to have better than S5% accuracy.

-These results are quite reasonable for the following reasens: First, at

small distances from the vehicle suz-.-ce, ono expects the vehcle to appear

as an infinie ground plane. kideeu, it was foeund 01at there are pracdca!ly

no d fferences between the gap fields shown in Figs. 5 and 6 and -he cal-

culated near field of an infinite ground plane (19. Second, it can be seen

that the tip fields appear tc fall off inversely with istance. This is qt.ite

rea acable, si ce in tChis region the main contribution to t-e electric field

is expected to come from a spha-ical wave ariginating a: the nose tip as in

: -1 -
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the case of a thin, linear antenna [9J. At greater distances (at approximately

4 in. from the nose tip), as expected, the field begins to fall off inversely with

distance squared.
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IV. BREAKDOWN CALCULATIONS

The calculation of microwave breakdown in gases is based on the elec-

tron continuity equation oi which we will adopt the following form

an
(3n = (y. - va)n + V.- (DVn) (4)

where n is the electron density. If the electric field is nonuniform, then the

ionization frequency vi, the attachment frequency va , and the diffusion coeffi-

cient D will vary spatially, since they are all functions of electric field. How-

ever, in cases where the electric field and gas properties are both uniform in

space and time, these parameters are likewise independent of space and

time. Then, by separation of variables, this equation can be integrated to

yield

In(n/n) D- - - " )  - %--)
t I a A 2

where A is the characteristic diffusion length of the container or region in

which breakdown is to be obtained and ni is the initial electron density, For

rectangular containers in which one dimension I smaller than the others

and, hence, dominates the determining diffusion losses, the characteristic

diffusion length is A = flr.

For cw breakdown one lets time t in Eq. (5) go to infin'ty or

an/at in Eq. (4) go to zero. The corresponding equations then are

vn + V DVn = 0 (6)

-- 15



and

D 0 (7)

where we now define v v. - Va.
I a

In the experiment reported here, it is expected that the pulse duration of

the rr crowave power is sufficiently long that the condition of cw breakdown,

as opposed to pulsed breakdown, is achieved. It will be seen that the analysis

to be described for breakdown in a nonuniform field will yield a value for the

effective diffusion length A . This allows us through the use of terms in Eq. (5)

to determine approximately the validity of the assumption that cw breakdown

conditions have been realized in the experiment. We place the calculated

value of Ae and the value of pulse duration Tb used in the experiment into the

following relation

Ae In(nb/n i )
R = D- b  (8)

which expresses the ratio oi finite time effects to diffusion effects in deter-

mining the breakdown level. In Eq. (8), nb is the electron density that defines

breakdown and is usually taken to be the critical electron density. If R<< 1, cw

breakdown conditions apply, ant the use of a cw breakdf Vn analysis is appro-

priate. This quantity will be evaluated systematically with the calculated

values of Ae

For a nonuniform electric f.eld Epstein has given a variational analysis

that we will use. This analyi is discussed in greater detail i [10] and is

-16-



briefly outlined below. His analysis shows that Eq. (6) can be expressed as

a variational statement

6f[Xn 2 - g(vn)2]dg = 0 (9)

0

where we consider only one dimension and introduce the following dimtnsion-

less parameters: f(g) - v(g)/v 0 , g(g) D(4)/D 0 , X- v 2/D , and x/L,

where the subscript zero denotes a convenient reference point, usually the

point of maximum field strength. A Ritz mtthod is then used to solve this

equation. We use a trial function of two undetermined constants that meets

the boundary conditions on electron density

n = C1 9( - 9) +C 2 W(l ~) k (10)

This trial function is inserted into Eq. (9) and the result is a quadratic

equation for X, where the smallest positive root is the breakdown solution.

For the functional dependence of the various parameters, we have used

[11] to obtain vp vs Ee /p, (IZ] to obtain Dp = (Z9 + 0.9 Ee/p) X 104
2 9 -1 -I

cm -torr/sec, and [14] to obtain 1 /p = 5.3 X 109 sec- torr -

These relationships are such that f(g) and g(g) depend on the magnitude

of the field as well as its distribution in space. Epstein, therefore, proposed

to iterate on this procedure until a consistent solution is found. We depart

from Epstein's method at this point and take advantage of the fact that we are

considering only uniform gas properties. If we note that the functions v/p and

Dp can be expressed as functions of Ee/p only, for piw < 108 /6wTorr-sec [13],

-17-



it is clear that f( ) and g(4) are unique functions of E e()/p also. Then, if

we assume a collision frequency that depeads only on gas pressure, i.e.,

V /p = constant, E (g)!p is a function of electric field and gas pressurec

Ee E rms(f

e +'
- - {il (ll,

For a uniform, but for the time being arbitrary, gas pressure the spatial

variation of Ee(g)/p is j1nst that of Erms (g). If we specify the value of (Ee/p).

then for a known E-field distribution, f(6) and g(g) are determined.

Once X is found from Eq. (9), we can find the pressure for which the

solution is valid, i.e.,

p = [DoP.)(#) )1 2  (12)

and the corresponding electric field (Errs)o can be found from Eq. (11). It is

also possible to find an effective diffusion length, i.e.,

2 = D o ?
A 2 - - (13)
e V

0

One can then run through successive values of (Ee/P)o and find values of

pressure and electric field for breakdown for each value.

The question arises as to what values of the integration interval I and

of the exponent k in Eq. (10) to chose. It can be shown hat this analysis leads

to an approximate eigenvalue X that is an upper bound to the trae value and also

o18-



that it is a property of the analysis that the solution is stationary %.--:wh respect

to the trial function. However, it is possible to improve on *he estimated

breakdown field by repeating the calculation for several values of k and i.

The best solution is the lowest eigenvalue at any given pressure for all cora-

binations of k and 1. Accordingly, the values of k and I used in the calcula-

tions reported here were varied successively and systematically until minimum

eigenvalues were found.

The electric -field distributions depicted in Figs. 5 and 6 were used to

perform the preceding breakdown calculations. The resulting values of A
e

and R are plotted in Figs. 7 and 8. In evaluating R, we have used (nb/no)= 109 ,

Tb = 10 microseconds, and D evaluated at peak field, i.e., D = D0 . Clearly,

the conditions of ew breakdown were satisfied in this experiment. The impor -

tant results of these calculations, i.e., plots of incident power for breakdown

versus pressure, are shown in Se,'tion V along with the experimental data.

-19-
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V. EiPERUMENT AND RF.5ULTS

The breakdown tes' apparatas consists of a high-power RF source, an

RF transparent .;s-i;in chamber in which the antena under te!? was placed,

aid tte set of sensing -Zistrumrentation and visual display (Fig. 9). The vacuurm

chamber is a 5 -foot diameter plexit.lass sphere with 0. 5-in. thick walls. A

low-level radioactive source was placed in the chamber near the antenna to

pro.ide a few free electrons from which the breakd%-n av&Lanche could start

wh-en critical power was applied. All cables and dirzctional couplers that

lead to Ymeter reado~zsz and to the antersna were calibrated at - system so that

the interaction of compo t mismat-hes cold be included in the calibration.

_he VSWR and efficiency of the antenna was determined on a network

iaa .yzer prior to breakdown testing. Then, the VSWR was again measured

whil the antezn. was in the vacuun chamber by the use of the forward- and

refleced-power meters shz-n in Fig. 9. This served as a seto-adary check

4 op the cabling system and antenna after all test apparatus was in place and

connected.

With th vacu-r. chanber pressure fixed, the variable attenuator was

used to increase the power applied to the antenna unt-1. antenna breakdown

occurred. Breakdown was always observed visually at the antenna aperture

and by a corrspondirg increase ir. reflected power as observed on the reflected

power meter and the dual-trace oscilloscope. The forward power (less the

reflected power) at incipient breakdowncorrec d for both cable and directional

coupler losses, was recorded as the breakdown power. This process was
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reipekted for each iir pressure. Thet antena feed metworkc irc!h4ig zbhe radial

line teraxiak in the circiamagerential gap %-a4 staled at =~e atzmosirhere.

because it was fournd that in~c1arciang wc-d occur al low~ air pressr-re.

-Tke applied power was pulised at 1000 cycles 0--T secom±dazd the pusec Were

10 rnicrcsecox-s wiE&. 7Th- pulse rate w"s-re exzensivei, and braakwa

throshold was f -. to be ii-deverdemt of 1s rate.

Measured break&-rw power 31on with the com-pt-me. rc-sulsfor~ --h C- 1

m. Sap are zh x as i-tiams of preste anFigs. 10z 2= 11. As inicated,

fe-tap breakdown was ebserv,-d at prespmres befew ! - T-,rr- while at pre* -

s;&Yes above 2-9 T-arr. breakdkw! ccurred am, the rxke tip. In thL- tater re-

gim~e, substeut So abreakd~wr zordid be attzir*d bf a fuxtker incr-ease of

the inci~eznt power- Howev-er,. mis dam 14. ria t sho'w.-, since it is ne mer

how tip bz. k4O-w= shoruM izdhuev--=t the ner-rield ca-mlt.A 2C_ the gap.

!-, tb& region betwe*n 1_;G and 2-9 Tarr. it appeta ed dthat breakdowrn

was 1nztiated ! zmXeos--r in~ uo*h 4' and gap re~iro=&. Hrwev. an appare~r

disconiufty exhibited tor the data at l1- -0or inxcates :tat tk-e crorsover

g ap to sip breakdowz actually occliairrerd at thazz point. Thus. co Fig. 10

the CaL--Ulated and- rnas-aired curres shomid be como-ared Only ::. to 8 4 Toir

wh~ oU cFig. I1I c ornpzriso -as *:--ITo~1 be snade at re-ssure s abare 1.-5 Tor-,

The gap width was extended So ~.~in. inm or- t--*. oe 4-z the prcbler ' ow*es-

Aap.rm breakd*%- regios. For this case, ti rakdown ccc=-red zzaH ?I:- l evells

ofPressore tested. The car-parison bewee= tht'ory and a~rt: h1.t

In -rig. 12. The e zerzting fre-mencv for thsis cast- was chN4--ed to 1:560'~

I -o'er to rreclue&l tip breakio"%mr, the n~ose tip was covered wia h 4etl-



- CALCULATED GAP BREAKDOWN
- -0- EXPERIMENTAL DATA ]

~03-

U-

102 GAP AND
GAP ONLY TIP BOTH TIP ONLY

- no l -1 o-

i0-  100 I0i

PRESSURE, Torr

Figure 10. Calculated Gap Breakdown Compared with Experimental Data
for Frequency = 1500 MHz and Gap Height = 0. 1 in.

-Z6 -



- CALCULATED TIP
3 BREAKDOWN

10 -o- EXPERIMENTAL DATA
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i --

"~~~b,. j '°

GAP AND- GAP ONLY TIP BOTH TIP ONLY

__II ,, I I I I _ I

10-i  100 10I
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Figure 11. Calculated Tip Breakdown Compared with Experimental Data
for Frequency = 1500 MHz and Gap Height = 0. 1 in.
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The resultant gap breakdown data along with the computed curve is shown in

Fig. 13. The effect of a dielectric covered tip was not included in the

calculations.
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VI. DISCUSSION

Instrumentation and reading inaccuracies and errors associated with

estimating internal system losses (efficiency) are the principal contributors

to errors in the measured data. In addition, the electric -field distributions

may have been distorted to some degree by the plexiglass chamber walls and

by the presence of the feed cable. These latter two effects were not, however,

found to be significart. A crude estimate of the overall accuracy of the break-

down data is *1.5 dB.

It can be seen from Figs. 10 and 13 that the calculated and measured

gap breakdown curves are in agreement within the estimated accuracy of the

data. For tip breakdown, agreement is not as good, but, for the most part,

it is still within the accuracy of the data.

It is, therefore, concluded that the breakdown power levels for a symo

metrically excited finite body can be predicted with sophisticated numerical

techniques and a high-speed digital computer. The bettera -eement

exhibited by gap breakdown may be attributed to the fact that the breakdown

model only accounts for one-dimensional nonuniforrrties, and the electric-

fieid fall-off behavior at the gap is obviously more one dimensional than at

the tip.
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